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The light-transmitting measurements at the 655 nm wavelength have been performed through starch-coated
cobalt ferrite ferrofluids synthesized by well-established synthetic methods, i.e., coprecipitation, mechano-
chemical, ultrasonically assisted coprecipitation, microemulsion, and microwave-assisted hydrothermal syn-
theses, exposed to an external magnetic field of 200–400 mT. The investigated samples can be divided into
the two groups. The first is where the samples showed higher rate of agglomeration and sedimentation effects.
The group of samples synthesized by microemulsion, microwave-assisted hydrothermal method, and mech-
anochemical method showed less pronounced rate of chain formation. Such measurements present good
method for the preliminary selection of possible magnetic resonance imaging (MRI) contrast agents between
differently synthesized ferrite suspensions.
DOI: 10.1134/S0021364021040056
INTRODUCTION
Magnetic nanoparticles have great potential for
biomedical applications, owing to their unique mate-
rial properties [1–5]. Dispersibility in aqueous solu-
tions and bioavailability of magnetic nanoparticles can
be achieved by coating with hydrophilic polymers,
such as starch, chitosan, and dextran [6]. With a
proper surface coating, these particles form stable
homogeneous magnetic suspensions called ferroflu-
ids. The interaction of ferrofluids with the gradient of
an external magnetic field facilitates magnetic reso-
nance imaging (MRI) for medical diagnosis and AC
magnetic field-assisted tumor therapy [7–11]. To
reach their full potential for such applications, mag-
netic nanoparticles suspended in a biocompatible
medium must possess high anisotropy constant, high
Curie temperature, and high saturation magnetization
and coercivity values at small sizes, as well as excellent
chemical stability and mechanical hardness [10, 12].
Among many spinel ferrites that are generally soft
magnetic materials, cobalt ferrite (CoFe2O4) meets all
the criteria required for the applications in MRI diag-
nosis and cancer therapy [8, 12, 13]. However, one of
the main disadvantages of their application is the for-
mation of agglomerates under the influence of an
external magnetic field. Magnetic nanoparticles
agglomeration can be successfully investigated by the
field-induced relaxation behavior of the transmitted
light intensity that changes through ferrofluid [14–
21].
Considering a need for alternative materials that
exhibit improved magnetic properties, we have
recently investigated the magnetic behavior of starch-
coated cobalt ferrites prepared by coprecipitation,
mechanochemical, ultrasonically assisted coprecipi-
tation, microemulsion, and microwave-assisted
hydrothermal methods. The choice of the synthesis
procedure determines the magnetic properties of
cobalt ferrites [22].
As a continuation of previous research [22], to
examine the behavior and agglomeration of possible
MRI contrast agents based on the synthesized starch-
coated cobalt ferrites, the transmitted light measure-
ments at the 655 nm wavelength were performed
through the ferrofluid suspensions exposed to the
external magnetic field of 200–400 mT.
EXPERIMENT
Ferrofluid suspensions were prepared from starch-
coated cobalt ferrite powders [22]. 0.50 g of each
starch-coated CoFe2O4 was dispersed in 50 mL of
deionized water. The mixture was ultrasonically
treated for 15 min at 80°C.
The optical analysis of the external magnetic field
influence on starch-coated cobalt ferrite nanoparticles238
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Fig. 1. (Color online) Time dependence of transmitted diode laser light (λ = 655 nm) for starch-coated cobalt ferrite ferrofluid
suspensions synthesized by (magenta) ultrasonically assisted coprecipitation, (cyan blue) coprecipitation, (red) microemulsion,
(olive green) microwave-assisted hydrothermal method, and (black) mechanochemical method, exposed to the external mag-
netic field of 200–400 mT.in ferrofluid was conducted using a laboratory-
designed apparatus [16]. The transmitted light mea-
surements at the 655 nm wavelength were performed
through the ferrofluid suspensions exposed to the
external magnetic field within the interval of 200–
400 mT. To compare the rate of chain formation and
sedimentation of the investigated ferrofluids under the
influence of the external magnetic field (200–
400 mT), the slope of the normalized light transmis-
sion increase was determined from the most linear
growing part of the curve. This part is located in the
middle between the minimum and the saturation val-
ues of the curve (stage III, , Fig. 1 from [17]).−2 3t tJETP LETTERS  Vol. 113  No. 4  2021RESULTS AND DISCUSSION
The light-transmitting measurement results were
obtained using a laser beam at 655 nm that propagated
through ferrofluid samples of starch-coated cobalt fer-
rite nanoparticles exposed to an external magnetic
field strength from 200 to 400 mT (Fig. 1). Since the
most prominent changes of intensity of transmitted
light occur in the spectral region 650–670 nm for pre-
viously investigated samples [15, 16], the laser beam at
655 nm wavelength was chosen for the measurements.
The transmitted light relaxation curves in investigated
ferrofluids under the external magnetic field followed
the same general trend [17]. After switching on the
magnetic field, a rapid decrease in intensity of trans-
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Fig. 2. (Color online) Slope of normalized light transmis-
sion increase versus the external magnetic field for starch-
coated cobalt ferrite ferrofluid suspensions synthesized by
(magenta) ultrasonically assisted coprecipitation, (cyan
blue) coprecipitation, (red) microemulsion, (olive green)
microwave-assisted hydrothermal method, and (black)
mechanochemical method.mitted light occurred to a minimum value, and after
approximately 30 s the transmitted light intensity
increased, forming a valley on normalized transmitted
light curves for all investigated ferrofluid samples. The
decreased intensity of transmitted light after switching
on the magnetic field can be explained by the orienta-
tion of particles magnetic moments forming the bar-
rier, which blocked the directed laser beam.
Such behavior originates from the change in the
nanoparticles’ magnetic moments orientation, fol-
lowed by their agglomeration. When agglomerates
reached the critical mass, the sedimentation began,
and an increase in the intensity of transmitted light
was observed. After some time interval, depending on
the investigated sample, the intensity of the transmit-
ted light reached the constant value.
However, the valley shape and position depend
intrinsically on the nature of the investigated sample.
The light-transmitting curve in the region after valley
minimum had a very steep slope for the samples syn-
thesized by coprecipitation and ultrasonically assisted
coprecipitation methods (group I), Fig. 1. In the case
of the samples prepared by microwave-assisted hydro-
thermal, mechanochemical, and microemulsion
methods (group II), the slope is significantly lower
(Fig. 1). The valley is broader for the samples in group
II. Independently of the investigated sample, the val-
ley minimum had a steeper slope as the magnetic field
strength increase. In the valley region, the agglomer-
ates of all samples were formed, following the general
explanation of two possible models for the micro-
structure variation, formation of the chains, and
motion of the chains [15, 17]. Furthermore, generally
the saturation occurred faster for the samples in
group I, independently of the applied field strength.
In group II, the nonzero coercive field values, ,
are higher than in the case of the samples in group I
[22]. The sample with the highest obtained  value
(1219(1) emu/g) [22], synthesized in the microemul-
sion manner, almost showed the absence of the valley.
Generally, the higher  value, the broader the valley,
as the consequence of the higher resistance of the
investigated samples in group II to the external mag-
netic field.
The slope of normalized light transmission
increase is directly proportional to the rate of chain
formation and sedimentation of the investigated ferro-
fluids under the influence of the external magnetic
field (Fig. 2). From the results given in Fig. 2, a higher
rate of chain formation and sedimentation is observed
for the samples in group I. It should be emphasized
that the effect is less pronounced for the starch-coated
cobalt ferrite ferrofluids synthesized in the micro-
emulsion, mechanochemical, and microwave-assisted
hydrothermal manner, where the pair interparticle
magnetic dipole–dipole interactions are weaker than
in the case of other investigated ferrofluid samples.
Although the valley is almost absent in the case of fer-
Hc
Hc
Hcrofluid prepared by microemulsion method, its slope
of normalized light transmission increase is nearly the
same with the slope of other samples in group II with
deeper pits. Since ferrites linear agglomeration may
deteriorate MRI contrast [23], it is very important to
design nanoparticle system with the diminished mag-
netic attraction between cores.
CONCLUSIONS
The light-transmitting measurements have been
performed using a laser beam at 655 nm that propa-
gated through ferrofluid samples of starch-coated
cobalt ferrites, synthesized by ultrasonically assisted
coprecipitation, coprecipitation, microemulsion,
microwave-assisted hydrothermal method, and
mechanochemical method, exposed to an external
magnetic field strength from 200 to 400 mT. According
to their optical behavior, the investigated samples can
be classified into the two groups. The samples synthe-
sized by ultrasonically assisted coprecipitation and
coprecipitation procedures (group I) showed more
pronounced effects of agglomeration and sedimenta-
tion under the influence of an external magnetic field
in comparison to the samples synthesized by micro-
emulsion, microwave-assisted hydrothermal method,
and mechanochemical method (group II). Among all
investigated samples, the samples from group II
showed the lowest rate of chain formation and sedi-
mentation. Since all the samples have the same chem-
ical composition, the choice of synthesis method may
have significant impact on their magnetic properties,
as well as the further selection of possible MRI con-
trast agents.JETP LETTERS  Vol. 113  No. 4  2021
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